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In this work, a systematic work was performed to investigate the electrochemical transport properties 
of acceptor-doped BaZrO3 by measuring electromotive force on various gas concentration cells.  For 
the measurements in the wet oxidizing atmosphere, where significant hole conduction occurs, the 
transport numbers of the ionic conduction in the oxidizing atmosphere were corrected by taking the 
effect of electrode polarization into consideration.  The results revealed that regardless of whether Sc, 
Y, In, Ho, Er, Tm or Yb was doped, proton conduction predominates in the reducing atmosphere with 
the transport number close to unit.  However, the contribution of ionic conduction weakens, and the 
contribution of hole conduction enhances, when the samples are exposed to the moist oxidizing 
atmosphere.  In addition, introducing Ba-deficiency results in degraded electrochemical conductivity, 
but the transport number in either the moist reducing or the moist oxidizing atmosphere does not 
change obviously. 
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1. Introduction 
Proton conductive acceptor-doped barium zirconate (BaZrO3) is promising as an electrolyte in 
electrochemical devices, such as fuel cells [1-3] and electrolysis cells [4].  In addition to some other 
important properties like chemical stability against reaction with CO2, the most vital one is its special 
transport properties in humid reducing atmosphere; that is, quite pure proton conduction (the transport 
number is close to unity [5, 6]), and high value of conductivity (> 0.01 Scm-1 at 600 oC [7-9]).  But, 
the transport property of the acceptor-doped BaZrO3 changed with variation of oxygen potential in 
environmental atmosphere.  Taking Y-doped BaZrO3 (BZY) for example, conduction of electronic 
holes is enhanced significantly in a pure oxygen atmosphere [6].  Since in most cases during the fuel 
cell operation, cathode side is exposed to the atmosphere with high oxygen potential, the hole 
conduction thereby generated might influence the performance of the fuel cells negatively, such as by 
lowering the open circuit voltage. [10] 
There are several works on the transport property of BZY in oxidizing atmosphere.  Schober and 
Bohn [5] applied electromotive force (EMF) method on gas concentration cells with BaZr0.9Y0.1O3-δ 
as the electrolyte, and found that the transport number of protons (𝑡𝑡H+) conduction is not higher than 
0.03 in a wet oxidizing atmosphere at temperatures ranging from 400 to 800 oC.  Lately, studies by 
analyzing the dependence of conductivity on oxygen partial pressure lead to a different conclusion [6, 
11].  In the oxidizing atmosphere, Wang and Virkar [11] reported 𝑡𝑡H+> 0.5 for BaZr0.93Y0.07O3-δ at 
500 oC, and Nomura and Kageyama [6] reported a sum of the transport numbers of proton and oxide 
ion conduction to be about 0.4 for BaZr0.8Y0.2O3-δ at 600 oC.  And a similar conclusion was generated 
in a recent work by Kim, et al. using conductivity relaxation method to study the transport property of 
BaZr0.8Y0.2O3-δ [12]. Transport numbers are practically important properties for electrochemical 
devices, and we need to discuss the reason for such controversy in literatures, and determine true values. 
In addition, Ho, Er, Tm and Yb were found to impart BaZrO3 with high proton conductivity 
comparable with that of BZY [8, 13, 14].  Therefore, a detailed study on the transport property of the 
samples doped with Ho, Er, Tm and Yb seems to be necessary and important. 
In this work, the electromotive force method was applied to investigate the transport property of 
stoichiometric and Ba-deficient BZY, and also BaZrO3 doped with 20 mol% Ho, Er, Tm, Yb, Sc and 
In.  Based on the results thereby obtained, dependence of transport properties on the Ba-deficiency 
and dopants was discussed. 
 
2. Experimental 
2.1 Material preparation 
Samples with the nominal composition of BaZr0.8M0.2O3-δ (M =Sc, Y, In, Ho, Er, Tm and Yb), 
BaZr0.9Y0.1O3-δ, and Ba1-xZr0.8Y0.2O3-δ (x = 0.02 and 0.05) were prepared by a conventional solid state 
reaction method.  Starting materials of BaCO3 (Wako Pure Chemical Industries, Ltd., 99.9%), ZrO2 
(Tosoh Corporation, 98.01%), and Sc2O3 (Daiichi Kigenso Kagaku Kogyo Co., Ltd., 99.99%), Y2O3 
(Shin-Etsu Chemical Co., Ltd., 99.9%), In2O3 (Nacalai Tesque Inc., 99.9%), Ho2O3 (Sigma-Aldrich 
Chemie GmbH, 99.9%), Er2O3 (Wako Pure Chemical Industries, Ltd., 99.9%), Tm2O3 (Wako Pure 
Chemical Industries, Ltd., 99.9%) or Yb2O3 (Shin-Etsu Chemical Co., Ltd., 99.9%) were mixed at the 
desired ratios, and ball-milled for 24 h.  Mixtures were then pelletized under 9.8 MPa and heat-treated 
at 1000 oC in ambient atmosphere for 10 h.  After ball-milling for 10 h, the samples were pelletized 
under 9.8 MPa again, and kept at 1300 oC for 10 h in ambient atmosphere for synthesizing.  The 
samples were then ball-milled for 100 h, and subsequently mixed with a binder (NCB-166, DIC 
Corporation, Tokyo, Japan).  The mixtures were then pelletized at 392 MPa, and heat-treated at 600 
oC for 8 h to remove the binder.  The thereby prepared pellet-like samples of Ba1-xZr0.8Y0.2O3-δ (x = 
0.02 and 0.05) were buried in their relevant synthesized powder, and the other samples were buried in 
mixtures of the relevant synthesized powders (99 wt%) and BaCO3 (1 wt%).   Finally, all the samples 
were heated at 1600 oC for 24 h in pure oxygen atmosphere for sintering. 
 
2.2 Characterization 
X-ray diffraction (XRD) measurements were performed on powder samples at room temperature using 
Cu Kα radiation with X’Pert-ProMPD (PANalytical, Almelo, Netherland).  Rietveld refinement was 
performed to determine lattice constants with a commercial software X’Pert HighScore Plus.  
Chemical compositions were determined by inductively coupled plasma atomic emission spectroscopy 
(ICP-AES) with SPS3500 (Seiko Instruments Inc., Chiba, Japan).  Microstructures were observed by 
scanning electron microscopy (SEM) with VE-7800 (Keyence Co., Osaka, Japan).  Conductivities of 
the as-sintered pellet-like samples of Ba1-xZr0.8Y0.2O3-δ (x = 0.02 and 0.05) with sputtered platinum (Pt) 
electrodes were measured in a wet atmosphere of O2 or H2.  Water partial pressure in these wet 
atmospheres was kept at 0.05 atm by bubbling through deionized water kept at 33 oC.  Impedance 
spectra were collected by A. C. impedance spectroscopy in the frequency range from 10 Hz to 7 MHz 
using a frequency response analyzer (Solartron SI 1260, Solartron Analytical, UK) with an applied A. 
C. voltage of 100 mV at temperatures ranging from 600 to 100 oC. 
 
2.3 Theoretical Considerations 
2.3.1 EMF Methods 
It is a conventional method to determine the transport numbers of different charge carriers by 
measuring EMFs of gas concentration cells [15 - 21] with a brief structure as: 
gas(I), electrode(I) | electrolyte | electrode(II), gas(II) 
In acceptor-doped BaZrO3, protons, oxide ions, holes and electrons are candidate charge carriers.  
Theoretical EMFs (Vcal) generated due to the gradient in inner potential and chemical potential of the 
ionic charge carriers (protons and oxide ions) can be calculated through Eq. (1) [15, 19] (derivation is 
given in supplemental material), in which R is the ideal gas constant, F the Faraday constant, T the 
temperature, t the transport number, and p the partial pressure of gas specie (H2, O2 or H2O) at the 





















Taking the equilibrium of reaction (Eq. (2)) into consideration, Eq. (1) can be rewritten as Eq. (3) and 
(4). 





































pTttV +−+ ++=  
(4) 
By carefully selecting the gas components fed to the two electrodes (details will be described in 2.4), 
the transport numbers (ti) of the correspondent ionic species i can be determined by dividing the 
measured EMFs (Vmea) with the theoretical values (Eq. (5)), which are calculated under the assumption 








2.3.2 Reasonability to Treat Transport Number as Constant 
For applying Eq. (1) to (5), one important assumption has to be made is that the transport numbers of 
the ionic species are constant across the electrolyte whose two surfaces are exposed to different 
atmospheres.  But actually, in the acceptor-doped BaZrO3, according to Eq. (6), the contribution of 
hole conduction is enhanced with the increasing partial pressure of oxygen (
2O
p ) [6].  In addition, 
from Eq. (6), one can see that with the increasing 
2O
p , the concentration of oxide ion vacancies ( ••OV ) 
decreases with the increasing 
2O
p , but such decrease is not so significant compared with the existing 
amount of ••OV  [22].  And in general, the total conductivity ( totalσ ) can be described using Eq. (7), 
where ionσ  is the ionic conduction which does not show strong dependence on 2Op , and hσ  is the 
hole conductivity at 
2O
p  = 1 atm [6, 23, 24].  The transport number of ionic species ( iont ) can be 
consequently calculated using Eq. (8).  Here, by simulating Eq. (8) with iont  at 2Op  = 1 atm 
varying from 0.1 to 0.9 with an interval of 0.1, we obtained Fig. 1.  Definitely, one can see that iont  
increased with the decreasing 
2O
p .  But, when the difference in 
2O
p  is small, the difference in iont  
is not large.  For example, the difference in iont  between 2Op  of 0.3 and 1 atm is typically less than 
0.05 and not higher than 0.08. 
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2.3.3 Correction by Considering Electrode Polarization 
Another important thing has to be stressed here is that in a mixed conducting system where both the 
ionic and electronic conduction is significant, simply adopting Eq. (5) introduces underestimation of 
the contribution of the ionic conduction. [25-29]  It is necessary to take the electrode polarization into 
consideration.  And the ionic transport numbers can be corrected using Eq. (9) [25, 26], in which 
Relectrolyte is the resistance of the electrolyte, Rtotal is the resistance of the whole cell composed of 




















2.4 Structure of Gas Concentration Cells for EMF Measurements 
In this work, four different kinds of gas concentration cells were prepared as followings: 
(Cell 1) Hydrogen concentration cell:  
H2 – 3.12% H2O, Pt electrode (I) | Electrolyte | Pt electrode (II), Ar – H2 – 3.12% H2O 
The H2 partial pressure ( 2Hp ) at Pt electrode (I) is kept unvaried.  And 2Hp  at Pt electrode (II) 
changed by diluting with Ar.  Since water vapor was fed to the two electrodes at an identical partial 
pressure ( O2Hp ) of 0.0312 atm by bubbling through deionized water kept at 25 
oC, according to Eq. 
(3), the sum of the transport numbers of proton and oxide ion conductions in H2-contained reducing 
atmosphere can be determined. 
(Cell 2) Water vapor (in hydrogen) concentration cell: 
Ar – 19.83% H2 – 0.86% H2O, Pt electrode (I) | Electrolyte | Pt electrode (II), Ar – 19.38% 
H2 – 3.12% H2O 
The transport number of oxide ion conduction ( −2Ot ) in the H2-contained reducing atmosphere can be 
determined according to Eq. (3), by supplying the gases with the same 
2H
p , but different O2Hp  to 
the two electrodes.  However, restricted by the precision on gas mixing, it was only available for us 
to bubble H2 – 80% Ar gas through deionized water, which was kept at 5 and 25 oC for electrodes (I) 
and (II), respectively, resulting in a difference in the 
2H
p .  Neglecting such difference results in 
underestimation of −2Ot  (about 0.018 in maximum at 600 
oC).  However, such underestimation is 
too small to expect a significant influence. 
(Cell 3) Oxygen concentration cell: 
O2 – Ar - 3.12% H2O, Pt electrode (I) | Electrolyte | Pt electrode (II), O2 - 3.12% H2O 
The O2 partial pressure ( 2Op ) was kept unvaried at Pt electrode (II), but was controlled by mixing with 
Ar to obtain appropriate value at Pt electrode (I).  The same O2Hp  of 0.312 atm was fed to both the 
two electrodes.  The sum of the transport numbers of proton and oxide ion conduction in O2-contained 
oxidizing atmosphere can be determined by Eq. (4). 
(Cell 4) Water vapor (in oxygen) concentration cell: 
Ar – 19.38% O2 - 3.12% H2O, Pt electrode (I) | Electrolyte | Pt electrode (II), Ar – 19.83% O2 
– 0.86% H2O 
According to Eq. (4), transport number of the proton conduction ( +Ht ) in the O2-contained oxidizing 
atmosphere can be determined with Cell 4.  But, similar to the case of Cell 2, a mixed gas of O2 – 
80% Ar was bubbled through deionized water here.  And a small difference in 
2O
p  between the 
atmospheres for two electrodes results in generation of EMF (about 0.43 mV in maximum at 600 oC), 
and an underestimation of the transport number (about 0.009 at 600 oC).  But, it is reasonable to 
neglect the influence of such value, since it is too small. 
For all these four types of cells, pellet-like electrolytes sintered at 1600 oC with two opposite surfaces 
sputtered with Pt electrodes were used.  The thickness and diameter of the electrolytes were about 1 
mm and 9 mm, respectively.  Then, the samples were sealed into alumina holders using zirconia 
cement, as shown in Fig. 2, and were subsequently set into a home-made device.  In such device, 
gases with different compositions were fed to the two electrodes.  The temperature was kept at 500, 
600 or 700 oC.  EMFs thereby generated were recorded with Solartron 1287 (Solartron Analytical, 
Farnborough, UK).  In order to eliminate the effect of thermovoltage, gases fed to the two electrodes 
were swapped, and an average value of EMFs recorded with direct and reverse gas feeding was adopted 
to determine the transport number (an example is given in Fig. S1). [21, 28, 29] 
 
3. Results 
3.1 Phase Identification and Composition Analysis 
Total compositions determined by ICP-AES of stoichiometric BaZr0.9Y0.1O3-δ and BaZr0.8Y0.2O3-δ, and 
Ba-deficient samples of Ba0.98Zr0.8Y0.2O3-δ and Ba0.95Zr0.8Y0.2O3-δ are given in Table 1, and are close 
to the nominal values.  XRD patterns shown in Fig. 3 indicates that only diffraction peaks belonging 
to single perovskite phases are observed for all these samples.  The lattice constants of BaZr0.8Y0.2O3-
δ, Ba0.98Zr0.8Y0.2O3-δ and Ba0.95Zr0.8Y0.2O3-δ determined by Rietveld refinement are 4.2371, 4.2265 and 
4.2209 Å, respectively, indicating that the lattice shrinks with an increasing Ba-deficiency.  In 
addition, as shown in Fig. 4, smaller grain size was obtained with larger Ba-deficiency.  These results 
agree well with the literatures [30, 31]. 
The samples doped with 20 mol% Sc, In, Ho, Er, Tm and Yb were prepared with the same method as 
reported in our previous work.  Single perovskite phases with the compositions close to the nominal 
values were obtained [8, 32]. 
 
3.2 Transport Properties of Stoichiometric Y-Doped BaZrO3 
3.2.1 EMF Method without Correction with Electrode Polarization 
Firstly, transport properties of the stoichiometric samples of BaZr0.9Y0.1O3-δ and BaZr0.8Y0.2O3-δ were 
studied.  As shown in Fig. 5, in the mode of hydrogen concentration cell, the measured EMF values 
are very close to the theoretical ones calculated based on an assumption of a pure ionic conduction 
( 1
H2O
=+ +− tt ) at 500, 600 and 700 oC.  Such result indicates that the stoichiometric BZY exhibits 
almost pure ionic conduction in the reducing atmosphere.  In the mode of water vapor (in hydrogen) 
concentration cell, as shown in Fig. 6, the measured EMFs are greatly lower than the theoretical values 
( 12O =−t ) at 500, 600 and 700 
oC, indicating that the conduction of oxide ions in BZY is very minor 
in the humid reducing atmosphere. 
Referring to measurements of oxygen concentration cells and water vapor (in oxygen) concentration 
cells, as shown in Fig. 7 and Fig. 8, the measured values are greatly lower than the theoretical ones.  
It means that in addition to the conduction of ionic species, significant hole conduction generates when 
BZY is exposed to the oxidizing atmosphere. 
Then, the transport numbers were estimated by dividing the measured EMFs value with the theoretical 
ones (Eq. (5)), and are shown in Fig. 9.  In the cases using a hydrogen or oxygen concentration cell, 
the transport numbers of the ionic conduction ( +− + H2O tt ) were obtained by linearly fitting the values 
calculated at various partial pressures of hydrogen (at electrode (II)) or oxygen (at electrode (I)) (an 
example is given in Fig. S2). [5, 20]  It is worth to note that as shown in Fig. 9(b), the transport 
numbers of the ionic conduction in BaZr0.8Y0.2O3-δ in the wet oxidizing atmosphere (noted as 
“uncorrected”), where significant hole conduction is generated, are all less than 0.1.  Such results 
agree with that reported by Schober and Bohn [5], but are greatly smaller than the other reports [6, 11]. 
 
3.2.2 Dependence of Total Conductivity on Partial Pressure of Oxygen 
In order to check whether the results obtained in 3.2.1 are reasonable, dependence of total conductivity 
( totalσ ) on 2Op  in the atmosphere was studied.  The desired value of 2Op  was obtained by diluting 
O2 or H2 with Ar.  And the partial pressure of water vapor was kept at 0.05 atm.  As shown in Fig. 
10, in the very low 
2O
p  (< 10-21 atm) area, totalσ  almost kept constant regardless of variation of 
2O
p , implying that there is hardly any electron conduction in such low 
2O
p  environment.  However, 
in the high 
2O
p  (> 10-5 atm) area, totalσ  increased with the increasing 2Op , indicating that the 
contribution of hole conduction is enhanced with the increasing 
2O
p .  Then, the variation of totalσ  
with 
2O
p  was fitted using Eq. (7).  The values of iont  in wet O2 ( O2Hp  = 0.05 atm) thereby 
determined are 0.76, 0.36, 0.20 for BaZr0.9Y0.1O3-δ, and 0.89, 0.45, 0.23 for BaZr0.8Y0.2O3-δ at 500, 600 
and 700 oC, respectively.  All the values are greatly larger than those determined by the EMF method 
described in 3.2.1. 
 
3.2.3 EMF Method Corrected with Electrode Polarization 
The transport numbers of ionic conduction in oxidizing atmosphere obtained by the EMF method and 
by the relationship between totalσ  and 2Op  are different apparently, but they should be consistent 
with each other.  We then tried to take the effect of the electrode polarization (Eq. (6)) into 
consideration to correct the transport numbers determined by the EMF method [25, 26].  First of all, 
information of Relectrolyte and Rtotal is necessary.  The Solartron 1260 frequency response analyzer in 
combination with the Solartron 1287 potentiostat was used to determine these two parameters of the 
cell with the BaZr0.9Y0.1O3-δ electrolyte by sweeping from 0.1 Hz to 1 MHz with a signal amplitude of 
100 mV (an example is shown in Fig. 11(a)).  However, for the cell with the BaZr0.8Y0.2O3-δ 
electrolyte, as shown in Fig. 11(b), we could not determine Rtotal with the same method.  Instead, the 
I-V relationship was monitored by applying a very small D. C. voltage signal (< 1 mV deviating from 
the open circuit voltage) with the Solartron 1287 potentiostat.  If assuming that such small voltage 
will not influence the polarization resistance of the electrodes significantly, Rtotal can be estimated from 
the linear I-V relationship (an example is given in Fig. 11(c)).  With these methods, Rtotal and Relectrolyte 
are determined, enabling the correction of the transport numbers (Fig. 9(b)).  It can be seen that the 
corrected transport numbers have larger values than the uncorrected ones.  And the transport number 
of the ionic conduction decreased with the increasing temperature.  The corrected transport numbers 
of the ionic species ( +− + H2O tt ), are 0.66, 0.38, 0.24 for BaZr0.9Y0.1O3-δ, and 0.75, 0.52, 0.21 for 
BaZr0.8Y0.2O3-δ at 500, 600 and 700 oC, respectively, very close to those determined from the variation 
of total conductivity with the change of partial pressure of oxygen.  The detailed values of transport 
numbers are list in Table 2. 
 
3.3 Transport Properties of Ba-deficient Y-Doped BaZrO3 
Ignoring the effect from the electrode polarization seems to be the most possible reason for why the 
transport numbers reported by Schober and Bohn [5] are different from the others [6, 11, 12].  
However, since the BaZr0.9Y0.1O3-δ sample of Schober and Bohn was sintered at a higher temperature 
(1715 oC) for longer time (30 h), and there is no information on whether their sample was buried in a 
sacrificial powder to prevent the loss of BaO during sintering [5], one may suspect their sample to be 
quite Ba-deficient [33].  Such Ba-deficiency may also influence the transport property.  We thereby 
studied the effect of Ba-deficiency on the transport property in a 20 mol% Y-doped system, by 
introducing the Ba-deficiency of 0.02 (Ba0.98Zr0.8Y0.2O3-δ) and 0.05 (Ba0.95Zr0.8Y0.2O3-δ).  The results 
of conductivity measurements, as shown in Fig. 12, indicate that with the increasing Ba-deficiency, 
the bulk, grain boundary and total conductivities all decreased.  Such results agree with the previous 
reports. [30, 35]  Then, the EMF method corrected by taking the effect of electrode polarization into 
consideration was applied to determine the transport numbers (the measured EMFs are given in 
supplementary material).  Almost pure proton conduction occurred in all the three samples in the 
reducing atmosphere (Fig. 13(a)).  And there is no great difference in the transport numbers of the 
ionic species between stoichiometric and Ba-deficient samples (Fig. 13(b)).  The detailed values are 
given in Table 3. 
 
3.4 Transport Properties of BaZrO3 Doped with Sc, In, Ho, Er, Tm and Yb 
The transport numbers, which are determined by the EMF method with the consideration of the effect 
of electrode polarization, of BaZr0.8M0.2O3-δ (M = Sc, In, Ho, Er, Tm and Yb) are given in Table 4, 
and are plotted in Fig. 14 (the measured EMFs are given in supplementary material).  There is no 
special dependence of the transport property on the dopants in BaZrO3.  Regardless of which dopant 
is introduced into BaZrO3, proton conduction dominates in the reducing atmosphere (Fig. 14(a)), and 
a mixed conduction of protons and holes occurred in the oxidizing atmosphere (Fig. 14(b)).  However, 
it can be seen that Y-doped BaZrO3 has a relatively high transport number in the oxidizing atmosphere 
(circle symbols in Fig. 14(b)). 
 
4. Discussion 
Almost pure proton conduction is confirmed when the acceptor-doped BaZrO3 is exposed to the moist 
reducing atmosphere, regardless what kind of dopant or whether Ba-deficiency is introduced.  
However, when exposing to the oxidizing atmosphere, due to the generation of hole defects, the 
contribution of ionic conduction decreases, and that of the hole conduction increases.  Furthermore, 
the contribution of hole conduction is enhanced with the elevating temperature.  Although 
concentrations of protons and holes both decrease with the increasing temperature [7, 36, 37], 
increment of mobility seems to be much larger for holes than protons.  For example, Zhu et al. [37] 
reported that the diffusion coefficient of protons in BaZr0.9Y0.1O3-δ is 7.46 × 10-11 m2s-1 at 600 oC, and 
nearly doubled (1.84 × 10-10 m2s-1) at 800 oC.  However, the diffusion coefficient of holes increases 
by almost ten times from 1.22 × 10-8 m2s-1 at 600 oC to 1.11 × 10-7 m2S-1 at 800 oC, resulting in 
enhanced contribution of hole conduction at elevated temperature.  Compared with the conduction of 
protons and holes, the contribution of that of oxide ions is negligibly small, possibly due to the too low 
mobility of oxide ions in the BZY lattice [37]. 
A summarization of the reported transport numbers of ionic species in BZY in the wet oxidizing 
atmosphere is given in Table 5.  Except for the results reported by Schober and Bohn [5], all the other 
transport numbers reported in the pure BZY system range from 0.38 to 0.67 with certain discrepancy.  
Such discrepancy might be partly due to the difference in the atmosphere for measurement.  For 
example, the transport number reported by Kuz’min et al [38] is around 0.67 for BaZr0.9Y0.1O3-δ in 
moist air, but smaller values are obtained by Zhu [37] (~ 0.5) and this work (0.38) in moist oxygen 
atmosphere.  Such difference is considered to be due to the decreased contribution of ionic conduction 
with the increasing partial pressure of oxygen.  In Table 5, the transport numbers of the system 
incorporated with Ni, Co and Cu are also listed for comparison.  In general, incorporating these 
metals does not change the transport properties in the reducing atmosphere, and proton conduction still 
predominates [40-43].  But, in the oxidizing atmosphere, the contribution of hole conduction 
increases.  For example, Kim et al. [12] found that by adding 1 wt% NiO into BaZr0.9Y0.1O3-δ, the 
contribution of hole conduction was enhanced significantly.  In addition, it is worth to note that, in 
addition to the change in the transport number, incorporating Ni into the BZY also results the electrical 
conductivity to be greatly degraded. [34, 44, 45]  Since NiO is commonly used as sintering aids for 
BZY, [46, 47] attention should be paid on their deteriorated influence on the transport properties. 
 
5. Conclusions 
In this work, a systematic work has been performed to investigate the transport properties of BaZrO3 
with various dopants or different Ba-deficiency using the EMF method.  The transport numbers of 
the ionic species (protons and oxide ions) in the oxidizing atmosphere were corrected by taking the 
effect of electrode polarization into consideration.  The results revealed that regardless of whether Sc, 
Y, In, Ho, Er, Tm or Yb was doped, proton conduction predominates in the reducing atmosphere with 
the transport number close to unit.  However, the contribution of ionic conduction weakens, but the 
contribution of hole conduction enhances, when the samples are exposed to the moist oxidizing 
atmosphere.  In addition, introducing Ba-deficiency results in degraded electrochemical conductivity, 
but the transport number in either the moist reducing or the moist oxidizing atmosphere does not 
change obviously. 
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 Fig. 1  Simulated transport numbers of ionic species (oxide ions and protons) in oxidizing atmosphere.  
The curves are drawn by assuming that the transport numbers of the ionic species at the partial pressure 
of oxygen of 1 atm range from 0.1 to 0.9. 
 
  
 Fig. 2  A schematic of device and sample setting for EMF measurement. 
 Fig. 3  Powder XRD patterns of (a) BaZr0.9Y0.1O3-δ, (b) BaZr0.8Y0.2O3-δ, (c) Ba0.98Zr0.8Y0.2O3-δ and (d) 
Ba0.95Zr0.8Y0.2O3-δ.  All the samples were sintered at 1600 oC in O2 for 24 h. 
  
Fig. 4  SEM image of fractured cross-section of (a) stoichiometric BaZr0.8Y0.2O3-δ [9], (b) Ba0.98Zr0.8Y0.2O3-δ, and (c) Ba0.95Zr0.8Y0.2O3-δ.  All the 
samples were finally sintered at 1600 oC in O2 for 24 h. 
 Fig. 5  EMF values of hydrogen concentration cells (Cell 1) using (a) BaZr0.9Y0.1O3-δ, and (b) 
BaZr0.8Y0.2O3-δ as the electrolytes at 500, 600 and 700 oC, plotted against the ratio of partial pressure 
of hydrogen at electrodes (II) and (I).  Identical OH2p  of 0.0312 atm was maintained at both the two 
electrodes. 
  
 Fig. 6  EMF values of water vapor (in hydrogen) concentration cells (Cell 2) using BaZr0.9Y0.1O3-δ 
and BaZr0.8Y0.2O3-δ as the electrolytes between 500 and 700 oC with an interval of 50 oC.  OH2p  was 
0.0086 and 0.0312 atm in the atmospheres at the electrode (I) and (II), respectively. 
  
 Fig. 7  EMF values of oxygen concentration cells (Cell 3) using (a) BaZr0.9Y0.1O3-δ, and (b) 
BaZr0.8Y0.2O3-δ as the electrolytes at 500, 600 and 700 oC, plotted against the ratio of partial pressure 
of oxygen at electrodes (I) and (II).  Identical OH2p  of 0.0312 atm was maintained at both the two 
electrodes. 
  
 Fig. 8  EMF values of water vapor (in oxygen) concentration cells (Cell 4) using BaZr0.9Y0.1O3-δ and 
BaZr0.8Y0.2O3-δ as the electrolytes between 500 and 700 oC with an interval of 50 oC.  OH2p  was 
0.0312 and 0.0086 atm in the atmospheres at the electrode (I) and (II), respectively. 
  
 Fig. 9  Transport numbers of BaZr0.9Y0.1O3-δ and BaZr0.8Y0.2O3-δ in (a) H2-contained reducing 
atmosphere, and (b) O2-contained oxidizing atmosphere in this work.  The results of +− + HO2 tt  and 
−2Ot  in (a) were measured by hydrogen concentration cells (Cell 1) and water vapor (in hydrogen) 
concentration cells (Cell 2), respectively.  And the results of +− + HO2 tt  and +Ht  were measured by 
oxygen concentration cells (Cell 3) and water vapor (in oxygen) concentration cells (Cell 4), 
respectively.  Both the uncorrected (simply dividing the measured EMF value with the theoretical 
ones) and corrected values (by taking the electrode polarization into consideration) are shown for the 
case in wet oxidizing atmosphere. 
 Fig. 10  Dependence of total conductivity of BaZr0.9Y0.1O3-δ (BZY10) and BaZr0.8Y0.2O3-δ (BZY20) 
on partial pressure of oxygen.  The oxygen partial pressure was controlled by mixing Ar with 
hydrogen or oxygen.  The partial pressure of water vapor was kept as 0.05 atm.  Dash lines are the 
fitting results using Eq. (7).   
 Fig. 11  Impedance spectra of (a) BaZr0.9Y0.1O3-δ (BZY10) and (b) BaZr0.8Y0.2O3-δ (BZY20), and (c) 
I-V relationship of BZY20 at 500 oC in the mode of oxygen concentration cell by feeding gases of Ar 
– 29.06% O2 - 3.12% H2O and O2 – 3.12% H2O to the two electrodes. 
 
  
Fig. 12  Arrhenius plots of (a) bulk conductivity, (b) grain boundary conductivity, and (c) total conductivity of 20 mol% Y-doped BaZrO3 with 
Ba deficiency of 0.02 and 0.05 in wet H2 or O2 atmosphere with partial pressure of water vapor of 0.05 atm.  The conductivity of stoichiometric 
BaZr0.8Y0.2O3-δ [34] in wet H2 is also plotted for comparison.  The samples for conductivity measurement were finally sintered at 1600 oC in O2 
for 24 h. 
 
 Fig. 13  Transport numbers of Ba0.98Zr0.8Y0.2O3-δ and Ba0.95Zr0.8Y0.2O3-δ in (a) H2-contained reducing 
atmosphere, and (b) O2-contained oxidizing atmosphere in this work.  The results of +− + HO2 tt  and 
−2Ot  in (a) were measured by hydrogen concentration cells (Cell 1) and water vapor (in hydrogen) 
concentration cells (Cell 2), respectively.  And the results of +− + HO2 tt  and +Ht  were measured by 
oxygen concentration cells (Cell 3) and water vapor (in oxygen) concentration cells (Cell 4), 
respectively, and compensated by taking the effect from electrode polarization into consideration. 
  
 Fig. 14  Transport numbers of BaZr0.8M0.2O3-δ (M = Sc, In, Y, Ho, Er, Tm and Yb) as the electrolytes 
in (a) H2-contained reducing atmosphere, and (b) O2-contained oxidizing atmosphere in this work.  
The results of +− + HO2 tt  and −2Ot  in (a) were measured by hydrogen concentration cells (Cell 1) and 
water vapor (in hydrogen) concentration cells (Cell 2), respectively.  And the results of +− + HO2 tt  
and +Ht  were measured by oxygen concentration cells (Cell 3) and water vapor (in oxygen) 
concentration cells (Cell 4), respectively, and compensated by taking the effect from electrode 
polarization into consideration 
 
Table 1  Total composition determined by ICP-AES.  All the samples were finally heat-treated at 
1600 oC in O2 for 24 h for sintering. 





Table 2  Transport numbers of stoichiometric BaZr0.9Y0.1O3-δ, BaZr0.8Y0.2O3-δ. 




O2-contained oxidizing atmosphere 
−+ + 2OH tt  −2Ot  −+ + 2OH tt  +Ht  
Conductivity 
measurements  
EMF measurements EMF measurements 
uncorrected corrected uncorrected corrected 
BaZr0.9Y0.1O3-δ 500 1.00 0.016 0.76 0.46 0.66 0.35 0.67 
550  0.015    0.24 0.52 
600 1.00 0.017 0.36 0.25 0.38 0.14 0.41 
650  0.028    0.10 0.25 
700 1.00 0.036 0.20 0.13 0.24 0.087 0.18 
BaZr0.8Y0.2O3-δ 500 0.98 0.024 0.89 0.033 0.75 0.026 0.73 
550  0.032    0.041 0.60 
600 1.00 0.046 0.45 0.040 0.52 0.046 0.50 
650  0.062    0.040 0.35 





Table 3  Transport numbers of Ba-deficient Ba0.98Zr0.8Y0.2O3-δ, Ba0.95Zr0.8Y0.2O3-δ determined by 





O2-contained oxidizing atmosphere 
−+ + 2OH tt  −2Ot  −+ + 2OH tt  +Ht  
uncorrected corrected uncorrected corrected 
Ba0.98Zr0.8Y0.2O3-δ 500 1.00 0.019 0.25 0.73 0.14 0.67 
550  0.026   0.15 0.60 
600 0.99 0.036 0.16 0.37 0.14 0.36 
650  0.044   0.12 0.27 
700 1.00 0.053 0.13 0.26 0.098 0.18 
Ba0.95Zr0.8Y0.2O3-δ 500 1.00 0.020 0.093 0.78 0.059 0.77 
550  0.020   0.062 0.65 
600 1.00 0.030 0.12 0.38 0.078 0.36 
650  0.040   0.078 0.26 






Table 4  Transport numbers of stoichiometric BaZr0.8M0.2O3-δ (M = Sc, In, Ho, Er, Tm and Yb) 





O2-contained oxidizing atmosphere 
−+ + 2OH tt  −2Ot  −+ + 2OH tt  +Ht  
uncorrected corrected uncorrected corrected 
BaZr0.8Sc0.2O3-δ 500 0.97 0.015 0.020 0.53 0.027 0.56 
550  0.030   0.031 0.39 
600 1.00 0.028 0.033 0.29 0.032 0.31 
650  0.041   0.033 0.22 
700 0.99 0.073 0.042 0.18 0.036 0.18 
BaZr0.8In0.2O3-δ 500 0.98 0.019 0.11 0.59 0.078 0.62 
550  0.027   0.092 0.51 
600 0.96 0.041 0.081 0.34 0.080 0.34 
650  0.074   0.051 0.32 
700 0.97 0.13 0.062 0.22 0.048 0.26 
BaZr0.8Ho0.2O3-δ 500 1.00 0.026 0.029 0.69 0.019 0.67 
550  0.029   0.028 0.46 
600 1.00 0.026 0.048 0.38 0.032 0.33 
650  0.039   0.034 0.23 
700 1.00 0.10 0.056 0.18 0.038 0.17 
BaZr0.8Er0.2O3-δ 500 1.00 0.019 0.042 0.72 0.026 0.72 
550  0.032   0.030 0.55 
600 1.00 0.039 0.050 0.40 0.043 0.43 
650  0.055   0.045 0.34 
700 0.98 0.096 0.073 0.24 0.041 0.25 
BaZr0.8Tm0.2O3-
δ 
500 0.98 0.018 0.036 0.70 0.019 0.68 
550  0.020   0.031 0.51 
600 0.98 0.036 0.070 0.27 0.047 0.27 
650  0.054   0.043 0.16 
700 0.97 0.077 0.057 0.10 0.044 0.12 
BaZr0.8Yb0.2O3-δ 500 1.00 0.018 0.037 0.76 0.022 0.75 
550  0.019   0.030 0.57 
600 0.96 0.025 0.065 0.45 0.051 0.43 
650  0.046   0.058 0.29 




Table 5  Reported −+ + 2OH tt  in wet oxidizing atmosphere at 600 
oC.  Temperature other than 600 
oC are listed in the brackets. 
Reporter Electrolyte composition 









BaZr0.9Y0.1O3-δ ~ 0.07 ~ 0.02 0.023 EMF method 
Nomura 
[6] 
BaZr0.8Y0.2O3-δ 0.4 0.96 0.042 Dependence of 
conductivity on 2Op  
Wang [11] BaZr0.93Y0.07O3-δ > 0.5 ( +Ht  at 
500 oC) 












0.2 0.035 Conductivity 
measurement 
Zhu [37] BaZr0.9Y0.1O3-δ ~ 0.5 0.96 0.038 Dependence of 
conductivity on 2Op  
Choi [40] BaZr0.84Y0.15Cu0.01O3-δ 0.234 ( +Ht  
at 650 oC) 





0.07 (500 oC) 
0.03 (700 oC) 
> 0.073 0.03 EMF methods 




0.97 0.03 Dependence of 
conductivity on 2Op  
Kim [12] BaZr0.8Y0.2O3-δ 
BaZr0.8Y0.2O3-δ–1 wt% NiO 
~ 0.2 (700 
oC) 
< 0.1 (700 
oC) 
0.99 0.01 Conductivity 
relaxation 




0.97 0.0312 EMF method 
corrected with 
electrode polarization 
 
